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Abstract Atomistic modelling and simulations are becom-
ing increasingly important in the field of corrosion
inhibition. New research and development efforts and new
possibilities for using computational chemistry in studying
the behaviour of corrosion inhibitors on the metal surfaces
are introduced. In this study, Monte Carlo simulations
technique incorporating molecular mechanics and molecu-
lar dynamics were used to simulate the adsorption of
methionine derivatives, namely L-methionine, L-methionine
sulphoxide and L-methionine sulphone, on iron (110)
surface in 0.5 M sulphuric acid. Adsorption energy as well
as hydrogen bond length has been calculated. Results show
that methionine derivatives have a very good inhibitive
effect for corrosion of mild steel in 0.5 M sulphuric acid
solution. Tafel polarisation studies have shown that methio-
nine derivatives act as mixed-type inhibitors, and their
inhibition mechanism is adsorption assisted by hydrogen
bond formation. Impedance results indicate that the values of
the constant phase element tend to decrease with increasing
methionine derivatives concentrations due to the increase in
the thickness of the electrical double layer. In addition, both
polarisation resistance and inhibition efficiency £;(%) tend to
increase with increasing inhibitors concentrations due to the
increase of the surface coverage, i.c., the decrease of the
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electrochemical active surface area. The quantum mechanical
approach may well be able to foretell molecular structures
that are better for corrosion inhibition.
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Introduction

Corrosion of iron and steels is a major concern in the
petrochemical industry due to the destructive attack of iron
substrates by chemical and electrochemical reactions. One
common approach to control such corrosion is to add small
amounts of organic compounds (inhibitors) to the produc-
tion fluid. Owing to increasing ecological awareness and
strict environmental regulations and the need to develop
environmentally friendly processes, attention is now fo-
cused on the development of substitute nontoxic alterna-
tives to inorganic inhibitors applied earlier. Natural
products extracted from plant sources [1-5], as well as
some non toxic organic compounds, which contain polar
functions with nitrogen, oxygen and/or sulphur in conju-
gated systems in their molecules [5-12], have been
effectively used as inhibitors in many corrosion systems.
Amino acids are attractive as corrosion inhibitors because
they are relatively easy to produce with high purity at low
cost and are soluble in aqueous media. Certain amino acids
have been tested as inhibitors of Ni [13], Co [14], and mild
steel [15] corrosion in H,SO,4 [13-17].

Methionine derivatives are sulphur-containing amino
acids. Methionine itself is investigated as possible corrosion
inhibitor for mild steel [5, 18-22] and of low carbon steel
[23]. Ashassi-Sorkhabi et al. [24] reported the successful
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application of methionine as a corrosion inhibitor for
aluminium in mixed acid solution and pointed out the role
of S atom in increasing the interaction of the molecule with
the metal surface. Morad et al. [5], in their study of the
inhibiting effect of methionine on mild steel corrosion in
phosphoric acid, observed that the adsorption of methionine
onto the metal surface obeyed the Frumkin isotherm with
an adsorption free energy (AGY,;,) value of 25.4 kJ mol .
Abd-El-Nabey et al. [19] showed that methionine adsorbed
on mild steel surface in 0.5 M sulphuric acid in two steps:
A monolayer of the adsorbate is formed on the metal
surface, and this is followed by the deposition of a second
adsorbate layer.

The interactions between metal substrate and inhibitors
are not very well understood. Therefore, a molecular level
understanding of metal-inhibitor interactions on iron is
much desirable, which could provide insights into the
design of inhibitor systems with superior properties.

For the last decades, quantum chemistry has become an
effective way to study the correlation of the molecular
structure and its inhibition properties, and much achieve-
ment was reached; human’s knowledge of mechanism of
corrosion inhibition penetrates to the microscopic level
[25-29]. From the 1970s, Vosta researched the relationship
between the quantum chemical parameters and inhibition
efficiency using Huckel molecular orbital theory [30];
Costa explained the mechanism of corrosion inhibition of
different linear chain diols, diamines and aliphatic amino
alcohols using the semi-empirical MINDO/3-SCF method
[31]; Jingchang Zhang calculated the structure of N-
contained compounds using HOMO method, discovering
that the electronic density and highest occupied molecular
orbital (HOMO) energy level of active group is in relation
to inhibition efficiency [32]; Abdul Ahad calculated a series
of p-substituted aniline using semi-empirical CNDO/2
method and obtained significant correlations between
corrosion rate and corrosion current with the chemical
indices of the inhibitors [33]; Daxi Wang calculated the
molecular geometry and chemical adsorption of six imida-
zolines and Fe atom by MNDO and CNDO/2M methods
and discussed their inhibition performance [34, 35].
However, quantum chemistry computing methods, such as
ab initio and semi-empirical methods, are computationally
expensive and are usually only applied to systems contain-
ing no more than 100 atoms or small molecules. It is not
practical to model large systems containing dozens of metal
atoms and hundreds of solvent molecules. The molecular
dynamics (MD) method is often used to study the
interaction of phase interfaces [36, 37], only a few works
have been done to research the interaction of inhibitors with
the metal surface [38, 39].

To be able to reveal new and effective corrosion
inhibitors, the interactions between the inhibitor molecules
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and the metal surfaces should by all means be explained
and understood in details. In examining these interactions,
theoretical approaches can be applied very usefully.
Therefore, recently, a trend and an increasing attention
were seen on the involvement of these theoretical
approaches in corrosion studies [40-55].

The aim of the present work is to study the influence of
some selected sulphur-containing amino acids, namely L-
methionine (MIT), L-methionine sulphoxide (MITO) and L-
methionine sulfone (MITO2), on the inhibition of mild steel
corrosion in 0.5 M H,SO, solutions using chemical (weight
loss), electrochemical techniques (potentiodynamic polar-
isation and electrochemical impedance spectroscopy) as
well as explicit solvent simulations using molecular
dynamics and quantum chemical calculation to explore
the adsorption mechanism of these amino acids on iron
surface (110). In addition, as the electronic structure of
these amino acids could be involved in determining
interaction with iron surface, therefore, correlation between
certain molecular orbital calculations and inhibitor efficien-
cies will be sought.

Experimental procedures
Computational details

Understanding adsorption phenomena is of key importance
in corrosion problems. Monte Carlo simulations help in
finding the most stable adsorption sites on metal surfaces
through finding the low-energy adsorption sites on both
periodic and nonperiodic substrates or to investigate the
preferential adsorption of mixtures of adsorbate compo-
nents. Materials studio 4.3, software from Accelrys, Inc.
[56] has been used to build methionine derivatives, iron
surface and solvent molecules. In addition, the periodic
structures can be built using the tools available in the
Materials studio for building crystals and surfaces. Molec-
ular mechanics tools are used to investigate the corrosion
system. The key approximation in these studies that the
potential energy surface, on which the atomic nuclei move,
is represented by a classical force field, which are
developed by parameterising data from experiment and
high level quantum mechanical calculations. COMPASS
stands for condensed-phase optimised molecular potentials
for atomistic simulation studies [57], which is used to
optimise the structures of all components of the system of
interest (iron substrate/solvent/inhibitor). It is the first ab
initio force field that enables accurate and simultaneous
prediction of chemical properties (structural, conformation-
al, vibrational, etc.) and condensed-phase properties (equa-
tion of state, cohesive energies, etc.) for a broad range of
chemical systems. It is also the first high-quality force
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field to consolidate parameters of organic and inorganic
materials.

The first step in this computational study is the
preparation of a model of molecules, which will adsorb
on the surface with optimised geometry (i.e. energy
minimised). Among the different steps involved in the
modelling approach is the construction of the iron surface
from the pure crystal, the addition of the methionine
derivatives near to the surface, the definition of the
potentials (i.e. the force field) to study the liquid—solid
interaction, followed by the geometry optimization calcu-
lation. This particular case, the use of molecular mechanics
can be seen as a precursor to computationally more
expensive quantum mechanical methods: Once the model
has been optimised with suitable force field (COMPASS),
we will be able to simulate a substrate (iron surface) loaded
with an adsorbate (methionine derivatives), taking into
consideration the solvent effect. This computational study
aims to find low-energy adsorption sites to investigate the
preferential adsorption of methionine derivatives on iron
surface aiming to find a relation between the effect of their
molecular structure and their inhibition efficiency.

To build iron surface, amorphous cell module has been
used to create solvent/methionine derivative cell on iron
surface. The behaviour of the three selected methionine
derivatives on the surface was studied using molecular
dynamics simulations and the COMPASS force field. The
MD simulation of the interaction between the methionine
derivatives dissolved in H,O and the iron surface (110) was
carried out in a simulation box (2.3x2.3x1.9 nm) with
periodic boundary conditions in order to simulate a
representative part of an interface devoid of any arbitrary
boundary effects. A cutoff distance of 1.0 nm with a spline
switching function was applied for the non-bond interac-
tions, i.e. for coulombic, van der Waals and hydrogen bond
interactions. The cutoff used to select the spline width,
which specifies the size of the region within which non-
bond interactions, are splined from their full value to zero.
For the actual computation of this interaction, energy
charge groups are used. Cutoff distance specifies the
distance at which to exclude interactions from the non-
bond list. The iron crystal is cleaved along with the (110)
plane, thus representing the iron surface. For the MD
simulation, all the spatial positions of the iron atoms in the
simulation box are fixed because the thermal vibrations of
the interaction with an adsorbed molecule and not in the
physical behaviour of the crystal itself. The liquid phase
consists of 350 H,O molecules and a single dissolved
inhibitor molecule. On top of this “aqueous layer”, an
additional layer of 150 H,O molecules with fixed spatial
positions serves as an upper limit for the liquid phase acting
like a wall but with the same physical and chemical
properties. The MD simulation simulates a substrate loaded

with an adsorbate. A low-energy adsorption site is
identified by carrying out a Monte Carlo search of the
configurational space of the substrate—adsorbate system as
the temperature is slowly decreased. This process is
repeated to identify further local energy minima. During
the course of the simulation, adsorbate molecule are
randomly rotated and translated around the substrate. The
configuration that results from one of these steps is
accepted or rejected according to the selection rules of the
Metropolis Monte Carlo method [58]. The force field used
is COMPASS, charge is force field assigned, quality is fine
and summation method is group- and atom based. All
structures used in this study are minimised in order to
ensure that the energy results used in calculating the
adsorption energy are accurate; it is critically important
that when we optimise the structures, we use the same
energy minimization settings as we intend to use for
calculating the adsorption energy of methionine derivatives.
This includes not only the force field, atomic charges, and
non-bond summation methods but also the quality of the
energy and geometry optimization calculations and the
convergence tolerances used for the minimization.

Quantum chemical calculations carried out using Dew-
ar’s linear combinations of atomic orbitals—self-consistent
field—molecular orbital (LCAO-SCF-MO) [59]. We used
PM3 semi-empirical method in commercially available
quantum chemical software Hyperchem, release 8.06 [60].
A full optimization of all geometrical variables without any
symmetry constraint was performed at the restricted
Hartree—Fock level. It develops the molecular orbitals on
a valence basis set and also calculates electronic properties
and the optimised geometries of the methionine derivatives
molecules. As an optimization procedure, the built-in
Polak—Ribiere algorithm was used [61].

Inhibitors

All studied compounds included, such as MIT, MITO and
MITO2, are bought from Sigma-Aldrich Chemical and
were used without further purification. All compounds were
used without pretreatment in the concentration range of 5 x
102 to 10 * M. The electrodes were immersed in 0.5 M
H,SO, (Fisher Scientific) for 60 min before starting
measurements. All experiments were conducted at 25+1°C.
The electrolyte solution was made from analytical reagent
grad, H,SO,.

Chemical and electrochemical measurements
Gravimetric experiments were carried out in a double glass
cell equipped with a thermostated cooling condenser. The

solution volume was 100 ml. The iron specimens used have
a rectangular form (length=2 cm, width=1 cm and
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thickness=0.06 cm). The duration of tests was 6 h at 25+1°C.
Duplicate experiments were performed in each case, and the
mean value of the weight loss is reported. Weight loss allowed
calculation of the mean corrosion rate in (g cm > h™").
Electrochemical experiments were carried out using a
conventional electrolytic cell [62] with three-electrode
arrangement: saturated calomel reference electrode (SCE),
platinum wire (Premion” 99.99%) and 99.9% Pt gauze (52
mesh, Johnson Matthey) as a counter-electrode and a mild
steel rod working electrode (C=0.12%, Mn=0.85%, S=

NH,

I-methionine

(MIT)

The electrodes were arranged in such a way that one-
dimensional potential field existed over the WE surface in
solution. To get an impression about the process occurred at
the iron/acid interface, Tafel curves were obtained by
changing the electrode potential automatically from (—250
to +250 mVgcEg) versus open circuit potential with scan rate
of 1 mV/s. In addition, electrochemical impedance spec-
troscopy (EIS) measurements were carried out in a
frequency range of 100 kHz-30 mHz with amplitude of
10 mV peak-to-peak using ac signals at open circuit
potential.

Measurements were performed using Gamry Instrument
Potentiostat/Galvanostat/ZRA. This includes a Gamry
Framework system based on the ESA400, Gamry applica-
tions that include DC105 for dc corrosion measurements,
EIS300 for electrochemical impedance spectroscopy meas-
urements along with a computer for collecting data. Echem
Analyst 4.0 software was used for plotting, graphing and
fitting data.

Results and discussions
Computational study

Before performing Monte Carlo simulation, molecular
dynamics techniques are applied on a system comprising
a methionine derivatives, solvent molecules and iron
surface. Methionine derivatives is placed on the surface,
optimise and then run quench molecular dynamics. Figure 1
shows the optimization energy curves for the three studied
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l-methionine sulfoxide
(MITO)

0.055%, P=0.05%, Si=0.09% and the remainder iron). All
reported potentials are given versus the SCE.

A mild steel rod with surface area of 0.5 ¢cm?, mounted
in Teflon, was abraded using emery papers of 180, 120, 2/0
and 4/0 grit in order. It was polished with Al,O3 (0.5um
particle size), cleaned in 18 M2 water in an ultrasonic bath
and rinsed with acetone and bi-distilled water; the same
procedure was used in case of gravimetric experiments.
Chemical structures of the studied compounds are presented
below.

0

~7

OH 0// OH
NH, NH,

I'-methionine sulfone
(MITO2)

molecules before putting them on the iron surface. It can be
seen from Fig. 1 that MITO2 has the lowest optimization
energy, which suggests the stability of this molecule
compared with the other methionine derivatives. Total
energy, average total energy, van der Waals energy,
electrostatic energy and intramolecular energy for methio-
nine/solvent/iron surface are calculated by optimising the
whole system and presented in Fig. 2.

The Monte Carlo simulation process tries to find the
lowest energy for the whole system. The structures of the
adsorbate components (methionine derivatives) are mini-
mised until they satisfy certain specified criteria. The
Metropolis Monte Carlo method used in this simulation,
samples the configurations in an ensemble by generating a
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Fig. 1 Optimization energy curves for the studied molecules before
putting them on the iron surface



J Solid State Electrochem (2009) 13:1743-1756

1747

200

MIT / Solvent / Iron surface

100 -

-100 |

Energy, kJ/mol

-200 +

=300

-400 L .
0 50x10°

100x10°  150x10° 200x10° 250x10°  300x10°
Step

Total energy

Average total energy
Van der Waals energy
Electrostatic energy
Intramolecular energy

Fig. 2 Total energy distribution for methionine/solvent/iron system

chain of configurations, for example m, n, .... The step that
transforms configuration m to n is a two-stage process.
First, a trial configuration is generated with probability «,,,,.
Then, either the proposed configuration, #, is accepted with
a probability P, or the original configuration, m, is
retained with a probability 1-P,,,. The overall transition
probability, ,,,, is thus obtained from Eq. 1:

Tmn = CynPrn (1)

This geometry optimization is carried out using an
iterative process, in which the atomic coordinates are
adjusted until the total energy of a structure is minimised,
i.e. it corresponds to a local minimum in the potential
energy surface. The geometry optimization process is based
on reducing the magnitude of calculated forces until they
become smaller than defined convergence tolerances. The
forces on an atom are calculated from the potential energy
expression and will, therefore, depend on the force field
that is selected (COMPASS). The outputs and descriptors
calculated by the Monte Carlo simulation are presented in
Table 1. The parameters presented in Table 1 include total
energy, in kJ mol™', of the substrate—adsorbate configura-
tion. The total energy is defined as the sum of the energies
of the adsorbate components, the rigid adsorption energy

and the deformation energy. In this study, the substrate
energy (iron surface) is taken as zero. In addition,
adsorption energy in kJ mol™', reports energy released (or
required) when the relaxed adsorbate components (methi-
onine derivatives) are adsorbed on the substrate. The
adsorption energy is defined as the sum of the rigid
adsorption energy and the deformation energy for the
adsorbate components. The rigid adsorption energy reports
the energy, in kJ mol ', released (or required) when the
unrelaxed adsorbate components (i.e., before the geometry
optimization step) are adsorbed on the substrate. The
deformation energy reports the energy, in kJ mol ', released
when the adsorbed adsorbate components are relaxed on the
substrate surface. Table 1 shows also (dE,qs/dN;), which
reports the energy, in kJ mol ', of substrate-adsorbate
configurations where one of the adsorbate components has
been removed.

As can be seen from Tablel, MITO2 gives the maximum
adsorption energy in negative value found during the
simulation process. High values of adsorption energy
indicate that MITO2 molecule will give the highest
inhibition efficiency. The close contacts between methio-
nine derivatives and iron surface, the best adsorption
configuration for the studied compounds as well as the
possibility of hydrogen bond formation are shown in Fig. 3.
From the molecular structure of iron, it is evident that the
unoccupied d-orbital exhibits a tendency to obtain electron.
Methionine and its derivative, which are discussed in the
present work, has a number of lone-pair electrons containing
atoms like N, O and sulphur, making it possible to provide
electrons to the unoccupied orbitals of iron, to form a stable
coordination bond. Therefore, the studied molecules are likely
to adsorb on the iron surface to form stable ad layers and
protect iron from corrosion. The following parameters derived
from the quantum chemical calculations are considered.

Quantum chemical calculations

Methionine derivatives are molecules containing the amino
functional group (-NH,), carboxylic group (—~COOH)
attached to sulphur, sulfoxide and sulfone groups in MIT,
MITO and MITO2, respectively. The reactive ability of the
methionine derivatives are considered to be closely related
to their frontier molecular orbitals, the HOMO and LUMO.

Table 1 Outputs and descriptors calculated by the Monte Carlo simulation for adsorption of methionine derivatives on iron (110)

Inhibitor Total energy Adsorption energy Rigid adsorption energy =~ Deformation energy dE,qs/dN; Calculated hydrogen
(kJmol ™" (kJmol™") (kJmol ™) (kJmol ™" (kJmol ™" bond/nm

MITO2 —310.86 —234.15 —227.26 —6.88 —234.15 0.21

MITO -321.15 —-156.13 —160.98 4.85 —-156.13 0.25

MIT —290.09 —132.35 —-138.15 5.79 —-132.35 0.28
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Fig. 3 Mode of adsorption of the methionine derivatives on iron (110)

Higher HOMO energy (Eyomo) of the molecule means a
higher electron donating ability to appropriate acceptor
molecules with low-energy empty molecular orbital. Figure 4
shows structure of methionine derivatives, molecular orbital
plots and the charge density distribution. It is worth noting
that the charge density distribution on MITO2 is more
intense than MITO and MIT, which enhance the possibility
of MITO2 to adsorb more strongly on iron surface than
MITO and MIT. It is confirmed that the more negative the
atomic charges of the adsorbed centre, the more easily the
atom donates its electrons to the unoccupied orbital of metal
[63]. Therefore, these negative atomic charges indicated that
nitrogen, sulphur and oxygen atoms are the possible active
adsorption sites.

A hard molecule has a large energy gap, and a soft
molecule has a small energy gap. Soft molecules are more

Fig. 4 Structure of methionine
derivatives, molecular orbital
plots, and the charge density
distribution

Structure of the inhibitors

LUMO HOMO

Electron density

@ Springer

-methlmunc

reactive than hard molecules, in general. Moreover, the gap
between the HOMO and LUMO energy levels of the
molecules is another important factor that should be
considered. Excellent corrosion inhibitors are usually those
organic compounds that not only offer electrons to
unoccupied orbital of the metal surface but also accept free
electrons from the metal [4, 64]. The energy gap between
HOMO and LUMO indicates that the smaller energy gap
results in a high corrosion inhibition implying soft—soft
interaction. It is well established in the literature that the
higher the HOMO energy of the inhibitor, the greater
the trend of offering electrons to unoccupied d orbital of
the metal, and the higher the corrosion inhibition efficiency.
In addition, the lower the LUMO energy, the easier the
acceptance of electrons from metal surface, as the LUMO—
HOMO energy gap decreased and the efficiency of inhibitor

L-methionine sulfoxide L-methionine sulfone
41962 -0.835 0 407
o140
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Table 2 Theoretical quantum chemical calculations using semi-
emprical SCF-MO method (PM3) in Hyperchem 8.06 programme
for methionine derivatives

Inhibitor Enomo (kKJ) Erumo (KJ) A=Erumo—Enomo (kJ) 1 (D)

MITO2 —866.52 24.04 890.63 1.131
MITO —918.85 —1.48 917.41 2.42
MIT —969.73 —18.53 951.20 3.82

improved. Quantum chemical parameters listed in Table 2
reveal that (MITO2) has the highest HOMO and the lowest
LUMO. In addition, Table 2 shows that, for high inhibition
efficiency, the dipole moment () of the inhibitor molecules
should be low. The experimental measurements are used to
investigate this computational approach. The inhibition of
the methionine derivatives was determined experimentally
by using weight loss and electrochemical techniques.

Weight loss measurements

The corrosion of mild steel in 0.5 M H,SO, in the absence
and presence of MIT, MITO and MITO2 was investigated
at 254+ 1°C using weight loss measurements. The calculated
values of corrosion rate (in g cm >h™"), inhibition efficien-
cy Ew(%) and surface coverage (f) for iron corrosion in
0.5 M H,SO, (blank) and in the presence of different
concentrations of inhibitors (MIT, MITO and MITO2) from
the weight loss measurement are shown in Table 3. Data in
Table 3 indicate that corrosion rate depends on the nature
and concentration of the compounds under investigation.
The inhibition efficiency E, (%) and surface coverage (0)
were evaluated using the following equations:

Inhibition efficiency Ey (%) = (1 - W> x 100 (2)
Wo
w
Surface coverage (6) = <1 — —) (3)
Wo

where w and w, are the weight losses of iron in inhibited
and uninhibited solutions, respectively.

The difference between the inhibitors is best seen in the
middle concentration range, reflecting the influence of the
molecular structure on their protective properties. Based on
the maximum inhibitor efficiency, the methionine deriva-
tives are ranked as follows:

MITO2 > MITO > MIT.

The gravimetric investigations show that all compounds
exhibit inhibition properties, the best being the MITO2.
Thus, weight loss measurements, in accordance with Monte
Carlo simulations, demonstrate that all the studied methi-

onine derivatives exhibit inhibition properties, and the most
effective one is MITO2 derivative.

Tafel polarisation measurements

Polarisation curves of the mild steel electrode in 0.5 M
H,SO, with and without the addition of MITO2, MITO and
MIT at different concentrations are shown in Figs. 4, 5 and
6. As can be seen, both cathodic and anodic reactions of
mild steel electrode corrosion were inhibited with the
increase of methionine derivatives concentrations in 0.5 M
H,SO,4. Methionine derivatives suppressed both cathodic
and anodic reactions. This result suggests that the addition
of methionine derivatives reduces anodic dissolution of
mild steel and also retards the hydrogen evolution reaction.
Tafel lines of nearly equal slopes were obtained, indicating
that the hydrogen evolution reaction was under activation
control. The constancy of the cathodic slope may have
indicated that the mechanism of proton discharge reaction
did not change by the addition of methionine derivatives
(Fig. 7).

Table 4 represents the values of the associated electro-
chemical parameters such as corrosion potential E.g,
cathodic and anodic Tafel slopes (3. and (3,), corrosion
current density i, obtained by extrapolation of the Tafel
lines and the calculated inhibition efficiencies E,(%) are
reported from the following equation:

lCOl’T

Inhibition efficiency E, = (1 - ’“) x 100 (4)
0

where ic,, and i3 . are inhibited and uninhibited corrosion

current densities, respectively.

Table 3 Corrosion rate in (g cm >h™'), inhibition efficiency data
obtained from weight loss measurements in iron in absence of various
concentrations of methionine derivatives in 0.5 M H,SO4 at 25+1°C

2

Conc.  Corrosion rate (gcm ~  Surface coverage £y (%)
M h™') ©
Blank 4.98x107°

MIT 107 1.14x107° 0.77 77.18
1073 5.87x107* 0.88 88.21
5%107 443x107* 0.91 91.11
5x10°2 3.38x10°* 0.93 93.21

MITO 107* 8.12x107* 0.83 83.69
1073 4.88x107* 0.90 90.20
5%107° 3.735x107* 0.92 92.50
5x107 2.988x107* 0.94 94.00

MITO2 10°* 4233x107* 0.91 91.50
1073 3.327x107% 0.93 93.32
5%1073 22x107* 0.95 95.58
5x1072 8.96x107° 0.98 98.20
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Fig. 5 Anodic and cathodic Tafel polarisation curves for mild steel in
0.5 M H,S0y in the absence and presence of various concentrations of
MIT at 25+1°C

As it can be seen from these polarisation results, the icq,
values decreased considerably in the presence of methio-
nine derivatives and decreased with increasing inhibitor
concentration. The addition of methionine derivatives
modifies slightly the values of .. Both anodic and cathodic
reactions are affected by the methionine derivatives. Based
on these results, methionine derivatives are considered as
mixed-type inhibitors. This means that the addition of
methionine derivatives to 0.5 M H,SO, solution reduces
the anodic dissolution of mild steel and also retards the
cathodic hydrogen evolution reaction. No definite trend was
observed in the shift of E.,, values in the presence of
various concentrations of these inhibitors in 0.5 M H,SO,4
solutions. Inhibition efficiency £,(%) increased with inhib-
itor concentrations for these inhibitors reaching a maximum
value at concentration of (5%102M) for all the studied
inhibitors.

100 - : ; : r
100 - E
]0-:‘ N

E
10° + 4

-

3
T o104k 1
[ 1]
2
0= 10 M MITO 1
~~~~~~ 10° M MITO
104 - 5 107 M MITO .
——— 510'MMITO |
107 i . i ; i ;
-800 -B0D -700 -600 -500 -400 -300 -200

E /! mV vs SCE

Fig. 6 Anodic and cathodic Tafel polarisation curves for mild steel in
0.5 M H,S0y in the absence and presence of various concentrations of
MITO at 25+1°C
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It is well known that the spontaneous dissolution of steel
in acids can be described by the anodic dissolution reaction

Fe—Fe?™ + 2~ (5)
Accompanied by the corresponding cathodic reaction
2H" + 2 2H, (6)

The corrosion of steel in uninhibited acidic solutions is
controlled by the hydrogen evolution reaction [65-67].
Following the electrochemical kinetic laws, the rates of the
anodic and cathodic reactions in acidic solutions, in the
presence of adsorbed inhibitor molecules on the metal
surface, can be described by:

Iy :ka(l _0) €Xp[FZIB(E—l//1)/RT} (7)

ic = k[H3;07](1 — 0) exp{—F[eE + (1 — a)y,]/RT}
(8)

where k, and k. are the corresponding rate constants, 6 is
the fraction of the electrode surface covered by the
inhibitor, E is the electrode potential relative to solution,
v is the potential drop in the outer part of the double layer,
« and 3 are the symmetry factors of both reactions, while z
is the charge of the metal ions in the solution.

It is assumed that hydrogen ionisation as well as the
proceeding of electrochemical reactions can be neglected
on the surface sites covered by the inhibitor molecules.
Besides, it is accepted that the presence of Fe*" (due to
metal dissolution) on the uncovered surface has almost no
effect. The studied methionine derivatives affect the rate of
the corrosion process mainly through the variation of the

10°F
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Fig. 7 Anodic and cathodic Tafel polarisation curves for mild steel in
0.5 M H,S0y in the absence and presence of various concentrations of
MITO2 at 25+1°C
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Table 4 Electrochemical kinetic parameters obtained by Tafel polarisation technique for iron in absence and presence of various concentrations of

methionine derivatives in 0.5 M H,SO, at 25+1°C

Conc. M icor (LAC 2) —E o (mV) B (mV dec™) By (mV dec™) C.R mpy Ey(%) (%)
Blank 798.1 512.8 186.0 85.59 364.8

MIT 107 2155 517.7 185.7 98.52 98.49 72.99
107 151.6 522.5 186.3 58.7 69.2 81.00
5%107 111.73 517.9 190.5 81.22 51.05 86.00
5x1072 79.79 517.9 187.4 86.45 36.47 90.00

MITO 107 159.2 521.0 183.3 84.45 72.75 80.05
1073 104.2 526.4 181.8 87.1 47.61 86.94
5x107° 95.81 527 185.3 90.2 43.8 87.99
5x1072 63.90 529.8 189.9 100.5 29.21 91.99

MITO2 107 103.7 531.4 193.0 86.0 47.42 87.00
107 86.17 5143 187.1 91.72 39.39 89.20
5%107 63.91 549.6 176.3 95.12 29.21 91.99
5%1072 40.0 544.1 182.6 105.0 18.29 94.98

degree of surface coverage, i.e. by blocking the effect they
exert. The adsorption of the acid form of the inhibitor
(cations) in outer Helmholtz plane (OHP) leads to a
decrease of y, i.e. to its shift to more positive values.
This in turn results in a decrease of the concentration of the
hydrogen ions in the surface layer and a corresponding
increase in the hydrogen evolution overpotential.

Electrochemical impedance spectroscopy

The key objective of EIS experiments is to provide an insight
into the characteristics and kinetics of electrochemical pro-
cesses occurring at the mild steel/H,SO, interface in the
absence and presence of methionine derivatives. The imped-
ance response of these systems is presented in Figs. 8, 9 and
10. The Nyquist plots in Figs. 8, 9 and 10 generally have the

-140 T T T T T T T T
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10° M MIT
5107 M MIT
5 102 M MIT

4 0@
Z"img / 2 em?

0 20 40 60 80 100 120 140 160
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Z'\ie!Qem

Fig. 8 Niquist plots for iron in 0.5 M H,SO, in the absence and
presence of various concentrations of MIT at 25+1°C

form of only one depressed semicircle, corresponding to one
time constant in the Bode plots (not shown here). The results
however clearly show a distinct concentration dependence of
the effect of methionine derivatives on the corrosion
inhibition efficiency.

The plots were similar for the three derivatives. Charge
transfer resistance (R,) is unequivocally correlated to the
corrosion current density in relatively simple corrosion
systems characterised by a charge transfer controlled
process [68]. Semicircles are obtained, which cut the real
axis at higher and lower frequencies. At higher frequency
end, the intercept corresponds to Ry, and at lower frequency
end, the intercept corresponds to R,+R,. The difference
between these two values gives R;. The results show that R;
values increased with increase of inhibitor concentration.
The semicircle radii depend on the inhibitor concentration.
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Fig. 9 Niquist plots for iron in 0.5 M H,SO, in the absence and
presence of various concentrations of MITO at 25+1°C
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Fig. 10 Niquist plots for iron in 0.5 M H,SO, in the absence and
presence of various concentrations of MITO2 at 25+1°C

The diameter of the capacitive loop increased with increase
in methionine derivatives concentrations; the increase is
significant in (MITO2). The Nyquist plots obtained in the
real system represent a general behaviour where the double
layer on the interface of metal/solution does not behave as a
real capacitor. On the metal side, electrons control the
charge distribution, whereas on the solution side, it is
controlled by ions. As ions are much larger than the
electrons, the equivalent ions to the charge on the metal will
occupy quite a large volume on the solution side of the
double layer [43].

The quantitative analysis of the electrochemical imped-
ance spectra must be based on a physical model of the
corrosion process with hydrogen depolarization and with
charge transfer controlling step. The simplest model
includes the electrochemical resistance in parallel to the
double-layer capacitance connected with the resistance of
the electrolyte. The solid electrode is inhomogeneous both
on a microscopic and macroscopic scale, and corrosion is a
uniform process with fluctuating active and inactive
domains where anodic and cathodic reactions take place at
the corroding surface. The size and distribution of these
domains depend on the degree of surface inhomogeneities.
Inhomogeneities may arise also from adsorption phenom-
ena [62, 69, 70]. For this reason, the capacitance of the
double layer at the metal/solution interface is modelled by
the constant phase element (CPE). More generally, the CPE
behaviour could be treated as a “w space fractality”, i.e. as
manifestation of a self-similarity in the frequency domain
[71]. The CPE impedance is given by Eq. 9, [69, 71-73]:

1
ZcpE = [ 9)

where 4 is a proportionality coefficient and » has the
meaning of the phase shift, the value of which can be

@ Springer

considered as a measure of the surface inhomogeneity [69,
70, 72, 74]. The transfer function is thus represented by an
equivalent circuit, having only one time constant (Fig. 11).
Parallel to the double-layer capacitance (simulated by a
CPE) is the charge transfer resistance (R,). The fitted
parameter values are presented in Table 5. Table 5 shows
that the presence of methionine derivatives increases the
charge transfer resistance (R;) values as the methionine
derivatives concentrations increase, signifying a reduction
in the corrosion rate. The corresponding percentage
inhibition efficiencies Ej(%), respectively, increases from
77 to 98% as calculated from Eq. 10:

Ei(%) = ( _%?> % 100 (10)

t

where Ry and R, represent the values of charge transfer
resistance in absence and presence of methionine deriva-
tives. The results also show that the presence of methionine
derivatives at any concentration modified the interfacial
capacitance, which suggests that these derivatives were
adsorbed on the electrode surface at all concentrations. The
decrease in Cq/CPE values may be considered in terms of
the Helmholtz model (Cq = ee,4/5), where ¢ is the
dielectric constant of the medium, £, the vacuum permit-

e :
¢ :
e :
Z € :
= : SOLUTION
=€ :
5 :
e - $
! Ca/CPE
HI
[H|
— |
—J
Rs
Rt
. § Solution §
: metal / solution interface ¢ Resistance 3

Fig. 11 Equivalent circuit used to model impedance data in 0.5 M
H,SO, solutions. OHP outer Helmholtz plane, CPE constant phase
element, R solution resistance, R, charge-transfer resistance



J Solid State Electrochem (2009) 13:1743-1756 1753
Table 5 Circuit element R, R,,
n, CPE values obtained using Conc. M R (2 em?®) R (Q em?) CPE (uFem %) n E; (%)
equivalent in Fig. 11 for iron in
0.5 M H,S0, and different Blank 1.2 11.82 85.6 0.81
concentrations of methionine MIT 10 29 49.25 715 0.76 77.08
derivatives at 25+1°C 1073 19 84.42 506 071 87.13
5x107° 3.1 118.2 46.8 0.79 90.77
5x1072 2.7 147.7 32.5 0.76 92.67
MITO 1074 2.6 69.529 68.6 0.78 84.13
1073 2.8 107.45 38.5 0.76 89.85
5x107° 2.2 147.75 26.7 0.83 92.70
5x1072 2.5 197.00 16.2 0.84 94.53
MITO2 107 2.6 147.75 522 0.78 92.68
1073 2.8 181.84 36.5 0.71 94.06
5x107° 24 236.4 26.2 0.85 95.46
51072 2.6 591.0 134 0.81 98.19

tivity, 4 the electrode area and ¢ is the thickness of the
protective layer. This is to suggest that the values of CPE/
Cq are always smaller in the presence of methionine
derivatives than in their absence, as a result of effective
adsorption of the inhibitors. Although the parameter n does
not vary greatly, its value can be seen to decline at low
methionine derivative concentrations due to increased
surface roughness resulting from both methionine deriva-
tives adsorption and enhanced corrosion rates.

Adsorption isotherm

It is generally accepted that organic molecules inhibit
corrosion by adsorption at the metal/solution interface and
that the adsorption depends on the molecule’s chemical
composition, the temperature and the electrochemical
potential at the metal/solution interface. In fact, the solvent
H,0 molecules could also adsorb at metal/solution interface
[75]. Therefore, the adsorption of organic inhibitor mole-
cules from the aqueous solution can be regarded as a quasi-
substitution process between the organic compound in the
aqueous phase [Orgeon] and water molecules at the
electrode surface [HyO(ags)] [76].

Org(sol> + xH2Oa5) = Org(ads) + xH2O 501y (11)
where x is the size ratio, that is, the number of water
molecules replaced by one organic inhibitor. Basic infor-
mation on the adsorption of inhibitor on metals surface can
be provided by adsorption isotherm. Attempts were made to
fit experimental data to various isotherms including
Frumkin, Langmuir, Temkin, Freundlich, Bockris—Swinkels
and Flory—Huggins isotherms. All these isotherms are of
the general form [76]

f(8,x) exp(—2a0) = Kc (12)

where f (6, x) is the configurational factor, which depends
upon the physical mode and the assumptions underlying the
derivation of the isotherm, € is the degree of surface
coverage, c is the concentration of the adsorbate in the bulk
solution, x is the size ratio factor, « is the molecular
interaction parameter and K is the equilibrium constant of
the adsorption process. In this study, the results were best
fitted by Temkin adsorption isotherm, Eq. 13 [77].

log(6/C) = logK — g6 (13)

The Temkin isotherm presented in Fig. 12, showed a
good correlation with experimental data. The negative slope
g indicates the existence of a repulsive lateral interaction in
the adsorption layer. The free-energy of adsorption (AG,q4s)
was calculated from the intercept of Temkin isotherm,

5.0 T T T T

45 1

35}

log (0/C) (M™)
b

25

® MIT,R’=0.87

20} > E
[ @ MITO.R* =091
15k v MITO2,R =099 ]
e 0
i ; i i ;
0.75 0.80 0.85 0.90 0.95 1.00

Fig. 12 Temkin adsorption plots of iron in 0.5 M H,SO, containing
various concentrations of methionine derivatives at 25+1°C
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which showed correlation with the experimental data,
according to Eq. 14:

1 0
K= ﬁexp(—AGads /RT) (14)

where 55.5 is the water concentration, R the universal gas
constant and 7 the thermodynamic temperature. The
adsorption—desorption equilibrium constant K was deter-
mined from the intercept and by compensation in Eq. 14,
leading to AG,qs=—94.32, —135.72 and —222.55 kJ mol !
for MIT, MITO and MITO2, respectively. The negative
values of AG,ys means that the adsorption process is
spontaneous, while the high values of AG,qs indicate that
methionine derivatives were chemically adsorbed on the
mild steel surface.

The validity of Temkin’s isotherm favours the assump-
tion of a chemisorptive bond between the steel surface and
the methionine molecules [78], i.e. the unshared electron
pairs in N, O and S atoms of methionine derivatives could
interact with d-orbitals of iron to provide a protective
chemisorbed film.

The free adsorption energies calculated from Temkin
adsorption isotherm are in line with adsorption energies
calculated from Monte Carlo simulation method. The
difference in the values of adsorption energy calculated
from Monte Carlo simulations and Temkin adsorption
isotherm could be explained by adsorption of surface
aggregates. Although it appears that the adsorbate structure
on corroding metals has not been investigated, it is quite
possible that such structures form in the initial stage of
adsorption [79].

Inhibition mechanism

The increase in efficiency of inhibition of methionine
derivatives determined by various chemical and electro-
chemical techniques, with their concentrations, indicates
that these derivatives are adsorbed on the mild steel surface
at higher concentration, leading to greater surface coverage
(0). It is generally accepted that the first step in the
adsorption of an organic inhibitor on a metal surface
usually involves the replacement of one or more of water
molecules adsorbed at the metal surface [80].

The mixed-inhibition mechanism suggested by the
polarisation data is consistent with the findings of Oguzie
et al. [81] and those of El Azhar et al. [68] on the
adsorption behaviour of organic molecules containing both
N and S atoms. In acid solutions, organic inhibitors may
interact with the corroding metal and hence affect the
corrosion reaction in more than one way, sometimes
simultaneously. It is therefore often difficult to assign a
single general inhibition mechanism, since the mechanism
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may change with experimental conditions. S-containing
compounds have been shown to preferentially chemisorb
on the surface of mild steel in acidic media, whereas N-
containing substances tend to favour physisorption [82].
Again, the presence of more than one functional group has
been reported to often lead to changes in the electron
density of a molecule, which could influence its adsorption
behaviour [83].

In this study, methionine derivatives are studied compu-
tationally in its neutral form. Methionine derivatives can
also present as protonated species in sulphuric acid
solutions. Both molecular and protonated species can
adsorb on the metal surface. The adsorption of methionine
derivatives through the ammonium group (-NH,") can
occur on the pre-adsorbed sulphate anions even though the
presence of S—CH; group decreases the stability of the
positive charge. Adsorption of the protonated methionine
derivatives on the cathodic sites on mild steel surface
retards the hydrogen evolution reaction. Adsorption on the
anodic sites of mild steel surface occurs via S atom in the
aliphatic chain in case of MIT, S=O group in case of MITO
or SO, group in case of MITO2 to retard mild steel
dissolution process. Adsorption of methionine derivatives
on mild steel surface are assisted by hydrogen bond
formation (Fig. 3 and Table 1) between methionine
derivatives and the steel surface. This type of adsorption
should be more prevalent for protonated inhibitors, because
the positive charge on the N-atom is conductive to the
formation of hydrogen bonds. Unprotonated N-atoms may
adsorb by direct chemisorption or by hydrogen bonding
[84]. Methionine derivatives thus have the ability to
influence both the cathodic and anodic partial reactions,
giving rise to the mixed inhibition mechanism observed.

Conclusions

With contrast to the traditional technique of identifying new
corrosion inhibitors in wet-lab, a prior dry-lab process,
followed by wet-lab process is suggested by using
cheminformatics tools. The following results can be
concluded from this study:

— Monte Carlo simulations technique incorporating mo-
lecular mechanics and molecular dynamics can be used
to simulate the adsorption of methionine derivatives on
iron (110) surface in 0.5 M sulphuric acid.

—  The quantum mechanical approach may well be able to
foretell molecule structures that are better for corrosion
inhibition.

— Methionine derivatives have a very good inhibitive
effect for corrosion of mild steel in 0.5 M sulphuric
acid solution.
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Potentiodynamic polarisation studies have shown that
methionine derivatives act as mixed-type inhibitors,
and their inhibition mechanism is adsorption-assisted
by hydrogen bond formation.

Impedance results indicate that the values of CPEs tend
to decrease with increasing inhibitor concentrations due
to the increase of the thickness of the electrical double
layer. Both polarisation resistance and inhibition
efficiency F;(%) tend to increase with increasing
inhibitor concentrations due to the increase of the
surface coverage of the inhibitors, i.e. the decrease of
the electrochemical active surface area.
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